Introduction
Confined extensive extraction of natural resources for building construction jeopardizes the principle of sustainability and has received increasing opposition from environmentalists. The comprehensive building development and redevelopment plans in Hong Kong have aggravated the problem of construction and demolition (C&D) waste generation. To optimize the use of natural resources and concrete demolition waste, there is a need to develop long-term action plans on the use of materials and coordinate the various interests among stakeholders and companies in the construction industry [1] . Recycled products reduce the demands for new materials and components, among which recycled aggregate (RA) is one of the major construction wastes capable of being re-used [2] .
At present, almost all concrete waste in Hong Kong is dumped into landfill areas which will be exhausted in the coming years. Reducing waste generation is thus a hard pressing issue. The amount of demolition debris dumped at landfill sites in the United Kingdom is in excess of 20 million tons per annum [3] . The bulk of this material is concrete (50 to 55%) and masonry (30 to 40%) involved with only small percentages of other materials such as metals, glass and timber [4] . A wide potential for the applications of mineral wastes in road and building construction had been identified and many specific applications had been documented. Most of the recycled C&D wastes (about 40 to 50%) are used for filling materials. In, 1993, CIRIA [5] estimate that about 10 million tons of construction waste were recycled in the United Kingdom, mainly for lowgrade applications, such as fill materials, each year (see Table 1 : Demolition Waste in Construction [5] . This value was expected to increase to 17 million tons by 2001 and 24 million tons by 2011 [6] . High-grade utilization such as structural concrete, has been discouraged by the lack of suitable specifications [7] with only 1.1 million tons of concrete waste being crushed, graded and added to new ready-mixed concrete in the United Kingdom (see Table 1 ).
<Table 1>
Two major reasons for the unpopularity of adopting RA in high-grade application are: i)
disqualified behaviour, such as low strength and toughness, low density and high water absorption; and ii) even when some of the RA have acceptable quality for high-grade applications, their quality may be weakened by mixing with those coming from variable sources delivered to a centralized concrete recycling plant.
Research Objectives
To promote the use of RA, aggregate characteristics for various construction applications should be fully apprehended. This paper aims at: i) examining the behaviour of RA from variable sources; ii) exploring the requirements of aggregate for various construction applications; iii)
classifying RA for different recycled aggregate concrete applications; and iv) exploring briefly the design of mobile crusher and highlighting the advantages in the use of it for RA production when compared to centralized crushing plants.
Properties of Recycled Aggregate
Aggregate generally occupies seventy to eighty percent of the volume of concrete and can, therefore, be expected to have an important influence on its properties [8, 9] . Hence, the selection and proportioning of aggregate should be given careful attention. Recycled aggregates are more liable to deformation and less resistant than cement slurry, due to their porosity [10] . As RA has a larger amount of porosity and can potentially undergo a higher degree at deformation and will be weaker than the cement paste [10], they are greatly affected the mechanical and physical properties of concrete.
Rubble from demolished concrete buildings yields fragments of aggregate which are contaminated with hydrated cement paste, gypsum and minor quantities of other substances.
These foreign materials are unsuitable for making fresh concrete mixtures. However, coarse recycled aggregate, although coated with vary cement paste, has been used successfully as recorded in several laboratory and field studies [11] . Previous studies indicate that, compared with concrete containing natural aggregate, the recycled aggregate concrete could still achieve at least two-thirds of the required compressive strength and modulus of elasticity, with satisfactory workability and durability [11] .
In order to investigate the properties of RA, there are several tests. They include: i) particle size distribution; ii) particle density; iii) porosity and absorption; iv) particle shape; v) strength and toughness; and vi) chemical composition. The standards used (mainly the British Standards) for assessing properties of aggregate are summarized in Table 2 .
<Table 2>
In this study, ten samples of recycled aggregate (Samples 1 to 10) were obtained from ten demolition sites with service lives ranging from ten to forty years while Sample 11 was collected from Tuen Mun Area 38 Centralized Recycling Plant. They were compared with the performance of ordinary aggregate (Sample 12). A summary of the above-mentioned six property groups for Samples 1 to 12 is shown in Table 3 . <Table 3>
Applications of Recycled Aggregate
Although the quality of RA is in general lower than that of ordinary aggregate and varies between sources, the material can still substitute virgin aggregate in structural, minor-structural and non-structural applications. Classification systems for RA mainly include measuring the particle size distribution, particle density, water absorption, ten percent fine value, aggregate impact value, flakiness index, sulphate content and chloride content. The details are described as follows:
(a) Grading: particle size distribution of recycled aggregate is required to be the same as that of normal aggregate. Since the grading plays a significant role in influencing concrete properties, including drying shrinkage, workability of concrete and also the production cost [12] . Therefore, a suitable grading of aggregates should be stipulated according to British Standard (BS) 882 [13] [14] [15] . ASTM D2940-03 [16] and ASTM D448-03 [17] are adopted for pavement and embankment, road and bridge respectively.
(b) Density is the most fundamental classification parameter. The lower density of recycled aggregate is due to the existence of porous and less dense residual mortar lumps or particles adhering to the surface of larger aggregate particles. Aggregate density constitutes a very important parameter for accurate batching and concrete mix design, which is influenced by variations in the composition of the recycled materials. Normally, the classification would identify various ranges of density between 2100, 1600 and 1000 kg/m 3 [14, 15, [18] [19] [20] . Aggregate with density lower than 1,000 kg/m 3 would normally not be recyclable.
(c) Water Absorption is also one of the key performance indicators for RA. It is most commonly determined parameter using the twenty-four hour measurement approach, but the ten-minute measurement is also adopted in Germany [18] . In general, the absorption rates of recycled aggregate are highly variable and generally higher than ordinary aggregates. Higher absorption rates pose potential problems for concrete production given that water demand and workability can be severely altered. RA exhibits water absorption higher than 15% is not acceptable in many countries; a maximum of 10% is accepted for many construction applications [14, 15, [19] [20] [21] . Pre-wetted recycled aggregate normally offsets inadequate concrete workability resulting from variations in water absorption rates [14, 15] . for other lower-grade applications.
(g) Chloride content: recycled aggregate derived from marine structures or similarly exposed structural elements can induce corrosion of steel reinforcement [27] . Depending on the source of aggregate, chloride may be present in aggregate, either as potassium or sodium salts. A limit on total chloride content is required to minimize the risk of embedded steel reinforcement corrosion and 0.05% adopted in many countries [14, 15, 19, 20] . However, 1% and 0.015% of chloride content are set for non-structural and pre-stressed concrete elements respectively [28] .
(h) Sulphate content may give rise to expansive disruption of concrete. Some types of sulphates in recycled aggregate present as cement hydrates in the hardened concrete or residual mortar may be less likely to participate in any further reaction with the new concrete. A limit of less than one percent of sulphate is always applied in various construction applications [14, 15, 20, 23] .
According to the BS and ASTM standards, RA used for producing recycled aggregate concrete for the various applications needs to fulfill certain requirements which are summarized in Table   4 .
<Table 4> Table 5 shows a classification system for RA properties, which classifies aggregates into Grades A to G; Grade A represents the highest quality, and Grade G the lowest.
<Table 5>
According to the requirements for different construction applications in Table 5 , Table 6 sets out the minimum grades acceptable for different applications. The twelve samples are classified according to Table 5 with the classification result summarized in Table 7 .
<Table 6>
<Table 7>
From Table 6 and Table 7 , suitable applications of each aggregate sample are tabulated in Table   8 . The dry particle density, water absorption, flakiness index and sulphate content of the samples are in general in compliance with the minimum standards with the exception of ten percent fines values, aggregate impact values and chloride content.
<Table 8>
As revealed in Table 8 , Sample 6 can be adopted for all construction applications, including the higher-grade utilization, showing that it is as versatile as the virgin aggregate (Sample 12). On the other hand, two out of the twelve samples (Samples 2 and 9) are completely unsuitable for either higher-grade or lower-grade applications. Meanwhile, since the demolished concrete is collected at a centralized recycling plant at Tuen Mun Area 38 in Hong Kong, the quality of the RA (Sample 11) would be weakened by the averaging effect, restricting them to only nonstructural applications such as sub-base course, embankment and fill. The above demonstrates that the current practice of centralizing RA production can lower their quality. Separation of these concrete wastes by using mobile crushing plants can promote and retain the quality of RA for higher grade applications.
Development of Mobile Crusher
In Hong Kong, there is only one recycling plant located in Tuen Mun Area 38. The centralized location facilitates economies of scale. However, this arrangement presents some shortfalls: i)
The recycled aggregates produced by the plant are not 100% generated from concrete waste as some of them are from boulders from site formation works. As a result, the behaviour of RA needs to be interpreted with care; ii) Long haulage and transportation time from sites to the recycling plant; iii) Because of the size of the mega-crushers and screening sieves, stones or concrete wastes smaller than 200mm cannot be trapped by the sieves. This renders some demolition sites experiencing difficulty in complying with the requirement on the minimum size of concrete wastes to be handled; and iv) The averaging effect of the centralized plant will be weakened the potential quality of the aggregates.
In order to fully recycle these concrete wastes from various demolition sites, a mobile crusher is proposed. Within the set-up of a mobile crusher, concrete waste is first crushed by a primary jaw crusher, to reduce the size of stones, followed by passing the material through a magnetic separator before the second crushing by hammer crusher to further reduce the size to 20mm, 10mm and below 5mm. Figure 1 shows the operation flowchart of the proposed mobile crusher.
<Figure 1>
The mobile crusher is to be housed on a lorry, 7.225m long, 2.375m wide and 3.5m high and weighting 14.59 tons mounted with a grab for loading the concrete waste into the plant and conveyor belts for screening and unloading RA. Using this set-up, the quality of RA can be retained to that of the known source of concrete waste. Therefore, the mobile crusher can open up a wider scope of applications for RA.
Conclusion
This paper first examines the six aggregate properties, namely: i) particle size distribution; ii) particle density; iii) porosity and absorption; iv) particle shape; v) strength and toughness; and vi) chemical composition, to classify the RA. The properties of ten RA samples collected from demolition sites were compared with those collected from Tuen Mun Area 38 Centralized
Recycling Plant and ordinary aggregate. The RA collected from one of the demolition sites (Sample 6) was found to be of comparable quality to virgin aggregate, enabling it to be used in high-grade applications. However, two other samples (Samples 2 and 9) are not suitable for any type of application. The classification results were verified by correlation to cube strengths of concrete mixed with the aggregate. This concludes that a centralized recycling plant brings about an averaging effect and thus weakens the quality of RA, restricting the use to non-structural applications such as sub-base course, embankment and fill. A new approach to crush concrete waste-processing using a mobile crusher, is proposed that helps retain the quality of RA to that of the source of concrete waste. 
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